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ABSTRACT 

The parton model result u W&x) = xez fi(x) is derived for massive 
i 

quarks in the case where partons are identified as quarks. A 

simple model of bound quark system is also given in order to 

illuminate the ideas behind the derivation. 
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I. INTRODUCTION 

In the parton model, the scaling of the structure functions for 

electron-proton deep inelastic scattering is interpreted in terms of 

point-like constituents of the target proton. 1 
In this model, 

2 

Q~~~+a~w21~2,v) E vW2(x) = F e2xfi(x). 

x = k fixed 

(1) 

An interesting question is: Canpartons be quarks? There are 

numerous predictions once we assume’hat partons are quarks (Q-P 

model). While it is too early to say that the experimental results support 

the Q-P model, it is quite impressive to see that not a single experimental 

result is inconsistent with the model. 
3z 

There is however one theoretical 

paradox in connection with the Q-P model. In the parton model, i partons 

must be seen as free point-like objects with small mass to derive (1). 

Then there is apriori no reason why the parton which was struck by the 

photon does not get out. It is our aim to give one possible solution to this 

paradox. We take the point of view that free quarks exist in Nature but 

they are very heavy and present accelerators do not have sufficient 

energies to produce them. Our result is that m Q' the mass of a quark, 

plays the role of a new fundamental energy scale and unless the accelerator 

energies become comparable to m Q' the physics does not depend on m Q4. 
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Therefore VW,(X) scales and (1) is valid for M v << 2 m Q' We also 

show in a potential scattering model, that the above derivation holds and 

that the effective mass of a quark in a bound system may be quite 

different from m . Our assumptions are: 

(a) There E a Hamiltonian% H + XV which governs the strong 

interaction dynamics. H and XV correspond to the free and 

the interaction parts of the Hamiltonian respectively. Partons 

are eigen states of H. Hadrons are eigen states of %? 

(b) r is such that in a collision at high energy, the transverse 

momenta of the final state hadrons, with respect to the 

beam direction are limited. 

(c ) The multiplicity <n > of the hadrons does not increase as 

fast as Q. 

In Sec. II, we derive (1) under the above assumptions in such a way that 

the derivation is independent of m as long as M v << m 
2 

Q Q' In Sec. III 

we give a potential scattering model which explicitly exhibits all the 

features mentioned above. 

II. Q-P MODEL WITH MASSIVE QUARKS 

The absorptive part of the forward Compton amplitude with virtual 

photon can be written as 
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Im T ~” = (2d2 
/ 

d4xe -iq. x P 
-,~P/J;W J,,(O) jp > 

=+Pp- 9 q )(P X9,), -(g 
(2) 

M2 q p y q2 ” 2 
%!+w 

pv- q2 1 - 

The variables are defined in Fig. 1. 

The usual parton model results can be obtained if we suppose 

that the current Jp(x) can be approximated by its free form’ 

J$d = i~b) y G(x) 
P (3) 

and that the masses of partons are negligible compared to Q. +(x) is the 

field operator for partons. Once the free form of the current is assumed, 

the matrix element can be calculated by putting in the complete set of 

parton states in between two currents. Im T 
P” 

is diagrammatically shown 

in Fig. 2. 

In the Q-P model, this diagram certainly suggests that some 

fractionally charged particles may be seen in the current fragmentation 

region. In our derivation we avoid (3) but note that at one time say 

x =o, we can define 0 

JiL(O,x’, = ~(O,~)y~~(‘-X~) (4) 
. 

We do not know the time dependence of the current since we do not know 

the exact form ofz Using the complete set of hadron states, 
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1 = C jnout><outn! 
n ! 

Im TpY = ~(2~)3/,3xe1”’ 6 (p” + go -zp3) 

x $ <plJ;(O,%l nout><outn / JV(OIIp>. (5) 

pi are the four momenta of thehadrons in the final states. We evaluate 

this in the particular frame 

M2 
P =(P + ~P’O,O,P) 

q =(Mv 
P I Q,o, 0) 

Pi = (YiP + + Pil’YiP) 

P is a parameter which will be taken to be very large. In such a frame, 

J d3xe-&x 
J$O,x) =zJd3k ei /s 

i 

where i runs over the species of quarks. Introducing this current into 

(5), we can write (5) diagrammatically as shown in Fig. 3. In the frame 

specified by (6), the final hadrons are distributed as follows. Taking 

kZ = ZP M 
Yi” Q’; Pli = 0 target fragmentation 

Yi ” 5; /P. 
I1 

- :Q 1 z&c 0 
‘1 current fragmentation 

yi = f:pl. = 0 
1 

central plateau 
(8) 
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The limits on the transverse momenta follow from assumption (b). 

Let pi, *. . , pcrbe the momenta of the hadrons in the target 

fragmentation region plus that of some hadrons in the central plateau 

region, p u+I’ ‘-*’ p, be the momenta of the hadrons in the current 

fragmentation region plus that of some hadrons in the central plateau 

region, then5 u 

c 
i-l 

pi = p - k + 0 (c) 

(9 ) 
n 

% 
p;=q+k-O(g) 

i=U,+i 

u M2 +p. 

c 
0 

,pi = (1-z )P f 
c 

‘I 
2YiP 

i-l i=l 

n ML+ 6. 

c 
0 Q2 n 

Pi = zP+ w+ c 
I1 , 

i =a+1 i=a+i 
2YiP 

W2 can now be calculated. 

w = " (21rj3 - c c/d3kd3k’ eiej <p 1 a+(k’ )a(k’+ q,) /n out > 
2 P v 

n ij 

Q2 
n 

+ F - - - 
M2+pii2 

2ZP c 
i=i 2YiP 

‘i 
’ = pifor iso, p.’ = p. for i 2 u+ 1. 
1 1 I1 I1 

The sum in the 6 function can be estimated to be 

n I.2 

c 

M2+pil 

i=l 
2YiP 

5 0 (<n> y). 

(10) 

(42) 

This term is small if the multiplicity of the hadrons satisfies our 
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assumption (c ). Then, summing over n, 

vwz =~ei~adZk16 z <PI a+(k)a(k) IP> 

i 

=c Fi x fi(X) a (13) 

i 

Note that the discussion was given in terms of final state hadrons 

and in particular, that the par-ton mass never entered into our discussion. 

Therefore our derivation holds for arbitrary values of the quark mass. 

Of course, if we start producing quarks, (11) will depend on the quark 

mass and in particular when Q = m Q’ the sum can no longer be neglected 

and our argument fails. 

The scaling limit is approached when the sum given in (12) is 

negligible. That is when i .>> <n,>. 

III. A SIMPLE MODEL 

A parton bound in a nucleon feels an effective potential arising from 

the interactions with all the other partons in the nucleon. If there is an 

interaction between the partons by exchange of a scalar field, $ + 4 , 

it is quite natural to assume that the equation of motion for a parton bound 

in a nucleon is given by a Lagrangian of the form 

a-(m :V) 
Q S 

++otherterms. (44) 

vs is the scalar potential which originates from the exchanges of 4 
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7 
between the parton and the remaining partons in the nucleon. For 

simplicity we take VS to be a square well 

VS = m Q- m forix/sa 

am>> 1 

vS 
=o for Ix I> a 

and neglect other interaction terms. A Dirac equationcan be derived 

from (14) and it can be easily solved. When the energy of the parton is 

E << m Q' ik .X -ik ‘x 
lx1 5 a;$n(x) =clne n u(kn)+E2ne n u(-kn) 

/x j > a; 4~~ (x) = We 
-mQbI 

)=OformQa>>l. (15) 

WhenE>m Q' there is a finite probability for detecting the quark. In 

the bound system, the quark has an effective mass m. 

Suppose a photon with four momentum q, satisfying m << q 
0 

<< mQ 

hits the quark bound in the potential. There are two likely decay modes: 

1) The momentum q acquired by the struck quark will be shared 

more or less evenly with other quarks in the system. This 

results in excitation of many hadronic levels. Depending on the 

excited states, this decay mode may result in hadrons with large 

transverse momenta. 

2) When the quark is struck by the photon, the quark will pick 
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up an antiquark to form a hadronic bound state. The bound system now 

feels no potential. It will then escape the system carrying almost all 

of its original momentum q ~ In this case, it results in sharp 

transversal momentum cut off for the final state hadrons. In accordance 

with assumption (c), we assume that decay mode (2) is dominant over (1). 

In this simplified potential scattering model, we keep only one term for 

the current matrix element. 

The structure functions for state i of the bound state (characterized by 

k, =(2i+l)ir - I 2a ) are given by 

k:q 
= 1 (k. -1 

k:q qq 
Im T 

k” m2 1P q2 
sp) (ki,,- +qV)w2~q2>ki*q) - (g -+)+q2ki,q) 

9 

c 
3 Ei : (2~) y J d3x ei” 

n 
*(Eitqo-En!(, J~to,~~~~~ ;(o)[ i> 

(17) 

The energy conserving 6 function can be calculated. 

6 (Ei + q” - 

The 6 function does not depend on n and thus 
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Im T = (za)3 
II” J -.- d3x eiq x 1 

2 
- b(l- & ) i m Y (1~ 

J:(O,x) J”(O) i 
I) 

1 

0.m2 v 
6 (l- &)eZ/d3k b3(c) Tr ~+mlypClt+h++m)v~ 

(19) 

where we have summed over initial spin states. 

Identifying the tensor structure, we obtain 

2 VW = 2& 6(1- Q2 2 - 2 
2mv 

, e 

Q2) 2 2mW4 = 6(1-- e 
2mv 

(20) 

Thus we have the usual relation 

VW 2 = 2mxWi (21) 

which is a characteristics of spin i/2 constituent and its small effective 

mass. 

Though the shape of the structure function is quite unreasonable, 

vW2 for this model is exactly that expected from the physical inter - 

pretation given in (1) derived by the par-ton model. 
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FIGURE CAPTIONS 
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The deep inelastic electron-proton scattering. 

The parton model diagram for the deep inelastic 

electron-proton scattering. 

The actual diagram for the deep inelastic electron- 

proton scattering. 
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